Behavior of the potential and the electric field intensity in front of a lightning leader channel taking into account the influence of space charges injected by the streamers is investigated theoretically. Analytical solutions of Poisson equation are found for different laws of charge density distribution. Influence of the streamer zone parameters on the formation of final jump phase of a leader is investigated.
INTRODUCTION
The striking distance of a lightning to structures is assumed to be dependent of the lightning peak current in the return stroke, which in its turn is a function of a lightning leader charge. Development of a positive lightning leader takes place with a practically constant velocity, so the linear charge density does not change distinctly in the process of leader propagation. However, an intensification of electric field intensity between streamer zone front and earth surface takes place at the approaching of a leader to the ground surface owing to the effect of "image" charge. This causes an abrupt increase in the leader-streamer system velocity and current, streamer zone length and its charge. This stage of the leader propagation is referred to as final jump phase. The streamer zone length at final jump phase determines the striking distance to structures, so the analysis of this phase is of practical interest.
In this paper the theoretical modeling of the spatialtemporal development of downward positive leader in an atmosphere taking into account the influence of space charges of streamers is carried out. It is shown that the potential and electric field distributions inside the streamer corona depend on its geometrical parameters. The volume charge distribution law in a streamer corona is found, for which the electric filed intensity is constant along the axis line. Propagation of the leader channel/streamer zone system taking into account the influence of the "image" charges are carried out. It is shown that the streamer zone length increases sharply at the final jump phase when the streamer zone front reaches the ground surface. Dependences of the streamer zone length and streamer zone charge at the final jump phase on the initial parameters of a leader are investigated. Comparison of the results with the measurements of the leader parameters in long air gaps at final jump phase is conducted. Application of this modeling to the striking distance determination to structures is considered.
POTENTIAL AND ELECTRIC FIELD DISTRIBUTIONS
The total charge of a streamer zone and the potential of a leader head depend on the charge density distribution in a streamer zone. Therefore the investigation of potential and electric field distributions in the dependence on the streamer zone parameters for different laws of charge density distributions is of practical interest. Determination of the volume charge distribution from the analysis of the system of equations describing streamer corona formation is not possible at present. Measurements of the charge density inside the streamer corona are also difficult. There are only measurements of the electric field intensity in a streamer corona and streamer zone of a leader [1] [2] [3] . Particularly, it was shown in [2] , that the amplitude of the electric field intensity in a streamer corona and streamer zone of a positive leader is equal to 5 kV/cm. It was shown in [3] , that this value is constant along the total length of a streamer corona and streamer zone of a leader. This result is important so far as it allows the charge density distribution from the Poisson equation to be determined. So the determination of the charge density distribution may be reduced to the investigation of the behavior of potential and electric field in a discharge gap for various parameters of streamer zone. Geometrical scheme of a volume charge distribution in a streamer corona is presented in Fig.1 . The potential distribution may be found from the Poisson equation:
where ρ is the charge density, ε 0 = 8.85⋅10 -12 F/m is the vacuum permittivity, ε is the relative permittivity of the mediu m, ϕ el is the potential of the electrode, ϕ v is the potential distribution of volume charges. The electric field intensity may be found from the equation E = -gradϕ. High voltage electrode may be represented by the ellipsoid. Then the potential of the electrode taking into account the influence of earth surface has the form:
where U 0 is the potential of an electrode, a and b are the half-axes of the ellipsoid, H is the gap length. The solution of the equation (1) for ϕ v may be represented in an integral form
where the second term corresponds to the potential created by "image" charges, dV = 2πr' 2 sinθdθdr',
For the points on the axis line of a discharge gap the analytical expressions for the potential and the electric field may be obtained for different charge density distribution laws. In the case of spherical symmetry of charges distribution, it is followed from the Poisson equation, that the charge distribution ρ~ 1/r satisfies to the condition of constant electric field along the streamer corona. However the streamer corona represents itself the cone area, i.e. it does not have the spherical symmetry (Fig.1) . The angle at the top of a cone Ω = 2θ 0 in long laboratory gaps changes in the range of Ω ≈ 30°-90° [4, 5] . Calculating the integral (3) we obtain the following expression for the potential:
where ρ 0 is the charge density at the boundary of a streamer corona, Consider now the electric field behavior in the case of charges distribution: ρ~ 1/r 2 . The expression for the electric field has the form:
where It is seen from the Fig.2c that the electric field decreases in a direction away from the top of a streamer corona. However for the angles 30°< Ω < 90°the electric field in a greater part of a streamer corona becomes constant. This agrees with the experimental measurements. This allows to be concluded, that the charge density distribution in a streamer corona drops with a distance by the quadratic law: ρ~ 1/r 2 . 
TOTAL CHARGE IN A STREAMER ZONE OF LEADER
The parameters R 0 and Ω are known from the experimental measurements. So, in the rod-plane gap with length H = 20 m at the duration of front of applied voltage τ f = 300 µs the streamer zone length is equal to l str =1.65 m and the angle of streamer zone Ω =70° [2] [3] [4] . The charge density distribution ρ 0 may be also determined if the electric field intensity at the streamer corona boundary E str is known. Actually, using the Gauss theorem the total charge of streamer corona may be represented in the form [4] :
where l str = R 0, E str = 5 kV/cm. Equating the expressions (6) and (7), we find that the charge density at the streamer corona boundary is
Note, that this value is consistent with the theoretical and experimental estimations of a charge density in the positive impulse corona [6] . Evaluate now the charge density ρ l.h. and their concentration n e in a leader head supposing that the charge density distribution ρ~ 1/r 2 extends up to the leader head. For the radius of a leader head r l.h. = 3 mm and R 0 = 1.65 m we obtain:
The charge concentration in a leader head is equal then n e ≅ 10 13 cm -3 , that is in good agreement with the known data. It is known [3, 4] , that the distance between individual streamer heads in a streamer corona in an air is approximately equal to 1 cm, i.e. one streamer head is located in every cube of centimeter. Thus, the charge of a streamer head is equal to q str ≅ 2 pC, and the number of elementary charges in it N e ≅ 10 7 ÷10 8 .
FINAL JUMP PHASE MODEL
Modelling of the development of the positive spark in long gaps is presented in [7] . Here we consider the propagation of leader channel/streamer zone system taking into account the influence of the "image" charges. The streamers are assumed to be propagated up to the distance where the electric field is equal to 5 kV/cm. Computer modeling of propagation of the system leader channel -streamer zone (Fig.3 ) taking into account the influence of the "image" charges shows a sharp lengthening of the streamer zone at the final jump phase. The streamer zone length increases 2-3 times during a few microseconds. Note, that the calculation results agree well with the laboratory experiments.
l sf t ls
The formation of the return stroke current is determined by the final jump phase of a leader development. The current flowing in a leader channel may be represented across the displacement current at streamer zone front:
where S is the surface of the streamer zone front, l s is the streamer zone length, v sf is the velocity of a streamer zone front, E s is the electric field intensity at the streamer zone front, ε 0 = 8.85⋅10
-12 F/m is the dielectric constant. At the leader phase the velocities of a streamer zone front and leader are the same. For the leader velocity v l ≈ 2÷ 20 cm/ µs and streamer zone length l tsr ≈ 3 ÷ 10 m we have the leader current
These values for leader currents are consistent with the laboratory measurements [2, 5] . At the final jump phase the streamer zone length and velocity of a streamer zone front are sharply increased, that causes the growth of the current. The lengths of the streamer zone at the final jump phase may become a few ten up to a few hundred meters and the velocity of the streamer zone front reaches the values of 10 ÷100 m/ µs. Substituting these values into ( 8) we obtain that the currents caused by the final jump phase equal to: From (9) we obtain, that the maximum current derivatives equal to I max~ 5÷500 kA/µs.
Note, that the striking distance of lightning to earthed structures is determined by the return stroke current, which is in its turn a function of the leader charge [8] .
DISCUSSION AND CONCLUSIONS
Thus, the potential and electric field behavior in a streamer corona depends on the angle Ω in the top of streamer corona. The decrease of the angle Ω leads to decrease of the electric field intensity. It follows from the measured distribution of the electric field inside the streamer corona, that for real values of the angle Ω the volume charge density distribution ρ in a streamer corona and streamer zone of a leader in long air gaps drops in inverse proportions to the square of a distance.
